Current scour estimation methods typically over-predict scour, resulting in uneconomical design. This tendency is partly due to the complexity of the scouring process, which indicates that some of its aspects are still not well understood, and can also be attributed to scale effects. 
However, the commonly used equations have a tendency to over-predict the maximum value of equilibrium scour depth (d se ), leading to uneconomical design (Ettema et al. 1998 ).
While our present understanding has improved and many scour depth prediction formulae are available, these methods often yield vastly different results, suggesting that many aspects of scour are still not well understood (Williams et al. 2013) . The complexity of the scouring process and varied nature of the governing parameters are undoubtedly partially responsible for this.
However, the scale effects arising from laboratory conditions are also a principal factor to which over-estimation of scour can be attributed.
In hydraulic modelling, the scale effects refer to an imbalance of force ratios between laboratory model and field prototype (Heller 2011) . In scour modelling, the principal difficulty in scaling lies in the sediment size. While flow and pier properties can be scaled between field and laboratory by a common scale factor, similarly scaled sediment would behave cohesively and flow-sediment interactions in the field would not be accurately replicated in the model (Ettema et al. 1998) . Therefore, the bed particle median diameter (d 50 ) is generally similar in both the field and in the laboratory experiments. While this eliminates sediment cohesion, it also compromises similarity. Since the results from such experimentation have been used to derive D r a f t 4 empirical equations for predicting scour, the over-design of bridge pier scour depth is to be expected (Ettema et al. 1998; Briaud 2015; Johnson et al. 2015) . This investigation will further explore the role of relative coarseness (D/d 50 ) and flow shallowness (h/D) on the estimation of equilibrium scour depth at bridge piers. Here, D is the pier diameter. Relationships between various non-dimensional quantities in scour investigations will be explored. To this end, two sets of tests that isolate the influences of D/d 50 and h/D are conducted. An attempt is made to study the role of the velocity along the flow separating streamline (U s ) which is also the maximum velocity in the flow field.
PREVIOUS STUDIES

Role of Governing Parameters
The current state of knowledge of scour around bridge piers provides justification for the need to change approaches recommended by current design guidelines (e.g., the HEC-18 equation) (Ettema et al. 2011) . The variables which affect scour depth are many and related to characteristics of fluid, flow, pier, time and sediment. Based on experimental results, researchers have developed many formulae for predicting scour, the majority of which calculate equilibrium scour depth as a function of the parameters listed below:
where ρ = fluid density, ν = kinematic viscosity, U = mean flow velocity, U c = critical velocity of sediment, ρs = sediment density, d50 = median sediment diameter, σg = standard deviation of particle size, g = gravitational acceleration, Sh and Al = parameters describing pier shape and alignment.
D r a f t
Equation 1 can be further reduced to a set of non-dimensional parameters (Equation 2);
this is contingent on maintenance of constant pier shape, flow alignment, uniform sediment, high
Reynolds number and subcritical Froude number:
In Equation 2, F d is the densimetric Froude number, which is defined by Equation 3 (here, SG refers to specific gravity of sediment):
Scale effects in scour modelling occur due to the difficulty in simultaneously satisfying three length scales in scour models, which are included in the dimensionless quantities of (Ettema et al. 2011) . As flow depth increases, its influence on scour depth increases, and the influence of pier size on scour depth decreases, until a limiting point (h/D = 1.4) at which these influences reverse. In effect, after h/D exceeds 1.4, flow depth no longer influences scour depth and d se /D becomes constant (Johnson and Torrico 1995) .
Many investigations focus on clear-water scour, which is defined by the critical velocity of sediment (U c ) and mean flow velocity (U). U c is the flow velocity at which incipient motion of sediment will occur, and must be determined for each sediment type under consideration. If U exceeds U c (U/U c > 1), then the sediment will be transported by the flow and scouring action is classified as live-bed; if U/U c is held below unity, then clear-water conditions will be maintained, which is typical of flow over alluvial sand beds (Ettema et al. 2011) . Previous studies have shown that the effect of U/U c on scour is subdued compared to the influences of flow shallowness (Melville and Coleman 2000) .
The role of the densimetric Froude number (F d ) in the scour process has been considered.
F d had been previously established as a scour-influencing parameter of note, but had yet to be explored experimentally. It has been determined that even for small changes in F d (i.e., between 2.1 and 2.5), there were changes in scour geometry, particularly in the contour profiles (Hodi 2009 ).
Further challenges in hydraulic modelling are related to other parameters which influence scour depth, as conditions in the field are less consistent when compared with a laboratory set-D r a f t 7 up. For example, bed material size is purposely uniform in the laboratory, which is not often the case in natural flow systems. Furthermore, the channel aspect ratio in laboratory flows tends to be small, generating strong secondary flows. In conclusion, the presently available literature
indicates that further investigation of the role of scour-governing parameters is required.
Scour Depth Estimation Methods
This review and subsequent analysis will focus on two predictive methods which are functions of the aforementioned non-dimensional parameters. The equations were selected on the basis of commonality of use in practice, practicality or applicability to considered results in the analysis, and relative recentness of development.
(i) HEC-18 or Colorado State University Equation (2001):
The most commonly used equation for prediction of equilibrium scour depth is the HEC- of interactions between flow, structure, and sediment, in order to obtain the maximum potential scour depth (Sheppard et al. 2014 ):
Commonly used predictive methods have been compared using experimental data in order to determine any limitations on their use. It has been determined that many equations over- 
METHODOLOGY
Based on the parametric considerations in the above literature review, experimental conditions were chosen as described below. Experimentation was divided into two sets, each with two subsets of tests (shown in Table 1 Several preliminary tests covering a range of time periods (24 hrs < t < 96 hrs) were conducted prior to the start of the experiments. It was noticed that the change in the scour profiles in both the transverse and flow directions were not significant for t ≥ 48 hrs.
Consequently, all tests were conducted for a period of 48 hours and the resulting scour geometry was considered to be at an equilibrium state (D'Alessandro 2013). Following the 48-hour period, the flume was drained gradually to avoid displacement of bed material. The centreline and contour profiles of the scour hole were measured using a laser distance meter mounted on a biaxial traverse.
RESULTS AND DISCUSSION
Set I: Effect of Relative Coarseness, D/d 50
The normalised centreline and contour profiles of scour for subset A tests are shown in The origin for each profile is located at the geometric centre of the pier. The x-axis is in the direction of flow, the y-axis is transverse to the flow, and the z-axis is in the vertical direction.
The profiles shown in Figure 2 indicate that the scour form is similar for all the tests. In general, scour depth increases from the start of the scour hole to the upstream face of the pier. As with set I tests, the differences in scour geometry downstream of the pier between tests in different sands are highlighted above. In Figure 7 , the centreline and contour profile comparisons for each pair of tests shows that scour upstream of the pier is very similar (and in the case of E2 and E4, nearly identical). In Figure 7a and 7b, the length of the scour holes in E3 and E4 are greater than the length of the scour holes in F3 and F4, and bed ripples begin to form within the hole itself. In Figure 7c , where the length of the scour holes for both tests E2 and F2 are very similar, the form and height of the primary deposits are still very different.
D r a f t
In Figure 7 , the effects of sidewall interference on scour can also be seen. In each figure, point B2 is the point at which the figure's subset F test reaches the sidewall; point B1 is the point at which the figure's subset E test reaches the sidewall. In all cases, B2 is located at a greater 
Development of a New Scour Depth Prediction Method
As previously discussed, the principal non-dimensional factors typically used in scour Furthermore, analysis indicates that the flume sidewall also influences the scour process, leading to a closer examination of the flow field surrounding the pier. Flow velocity increases around the pier from a stagnation point on its upstream face, where U = 0 and pressure is a maximum. This velocity reaches a maximum value at the point of separation (denoted as U s ), initiates scour. The value of U s is a function of the base pressure on the downstream face of the pier, and can therefore be determined when the base pressure coefficient is known (Roshko 1961; Norberg 1987) . It is important to note that U s has been identified as the proper velocity scale and effects of wall interference can be reduced or eliminated by the use of U s in the case of flow past bluff bodies (Ramamurthy 1973) .
Flow velocity in F d is replaced with U s , yielding the term F ds (Equation 6), as U s is the highest value of velocity encountered in the vicinity of cylinder. This is the first point where scour is initiated and also incorporates a parameter which would account for the correction due to sidewall interference.
As previously discussed, when isolated, relative coarseness and flow shallowness influences on relative scour depth are evident. Therefore, the three parameters used for estimation of d se were chosen to be F ds , h/D, and D/d 50 . As the general trend of relationships between each parameter and d se /D were exponential in nature, the form of the equation is written as:
Here, C is a constant. Based on the experimental data, the values of each exponent n and constant
C in Equation 7
are evaluated and the equation is re-written as:
[8] . Results from an investigation on large-scale experimentation are included (Sheppard et al. 2004) , as well as field measurements from various investigations (Froehlich 1989 ).
In conclusion, Equation 8 • Similarly, variation in flow velocity at the point of separation around the pier (U s ) also affects scour.
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